Introduction
Due to its relatively high hydrogen content, urea-contaminated wastewater can be exploited as a renewable energy source. This hydrogen-rich wastewater is industrially produced in large amounts as a byproduct of fertilizer manufacturing plants and urine from humans and animals. Energy extraction from urea is environmentally required because it is considered an indirect treatment methodology. Urea is not a hazard material, but its predicted hydrolysis into ammonia gas results in required treatment of urea [1] . NH 2 CONH 2 + H 2 O ! 2NH 3 + CO 2 ð1Þ
In addition to gaseous pollution, there are two groups of bacteria (Nitrobacter and Nitrosomonas) that can create dangerous water pollution due to their ability to oxidize water-soluble ammonia into nitrate (NO 3 -) via an unstable intermediate nitrogen dioxide
(NO 2 ) product [2] . This process occurs under anoxic conditions where several nitrous gases can be produced by the reduction of nitrate ions. In addition, ocean algae can be triggered by urea to produce a deadly toxin called domoic acid [3] . Economically, electricity generation from urea is the optimum strategy to extract the stored energy. In this regard, urea is exploited as an effective fuel in a direct urea fuel cell (DUFC). The corresponding theoretical cell potential is relatively high compared to that of some direct alcohol fuel cells according to the following reactions [4] [5] [6] [7] .
Anode: CO(NH 2 ) 2 + 6OH-!N 2 + 5H 2 O + CO 2 
However, direct power generation from urea-polluted water requires an anode with a low onset potential (<0.4 V vs. NHE; the standard ORR potential in an alkaline medium). Unfortunately, developing a proper anode material with the required onset potential is not an easy task because the high overpotential of most reported materials (including precious metals) results in an onset potential over the threshold [8] . Therefore, researchers have tried to extract molecular hydrogen from urea by electrolysis according to the following reactions [9] [10] [11] 
Similar to DUFC, the observed small negative cell potential indicates an economical process; however, the real, very high anode overpotential of most proposed anode materials decreases the overall cell potential and consequently increases the electrical energy required for the oxidation process [8] . Therefore, research to develop a proper electrocatalyst with a high current density and low onset potential is ongoing.
Among the anode materials proposed for either DUFCs or urea electrolysis cells, nickel-based materials show the best performances [12] [13] [14] . However, their high onset potential (ca. 0.45 V vs. SHE) is a substantial constraint. Accordingly, trials have been conducted to overcome this dilemma. Modification of the morphology was proposed based on either synthesizing the catalyst in a specific nanostructural shape, including nickel nanowires [12] , nickel nanoparticles [15] , nickel-carbon sponges [16] and nickel nanoribbons [17] , or exploiting the synergetic effect of other co-catalysts. Several elements have been utilized as co-catalysts in nickel-based anode materials, such as Mn [13] , Co [9] , N [18] , and Zn [19] . Tin can form usefm alloys with many metals, including Ni. In energy devices, the tin-nickel alloy electrode shows good performance in lithium-ion batteries [20, 21] . To the best of our knowledge, this metal has not been investigated as a co-catalyst to enhance the electroactivity of nickel for urea oxidation. In addition to the aforementioned strategies, immobilization of a functional electrocatalyst on a proper support can result in a distinct positive impact on the electrocatalytic activity. Considering that electrooxidation reactions are theorized to be a combination of adsorption processes and chemical reactions, carbonaceous nanostructures have attracted attention as supports. Graphene, graphite, carbon nanotubes, and glassy carbon are the most widely used support materials [22] [23] [24] [25] . Other researchers have tried other supports, such as mesoporous silica [26] and TiO 2 nanotubes [27] , but due to their low adsorption capacity compared to that of carbonaceous materials, carbonaceous materials attract the most attention.
Among reported carbonaceous supports, nanofibers possess the lowest electron transfer resistance due to their large axial ratio. Typically, the large axial ratio of carbon nanofibers results in the elimination of the interfacial resistance that appears among particles in other morphologies [28] . The simplicity, high yield, low cost and applicability to different kinds of materials make electrospinning the most widely used nanofiber synthesis process in both industry and research [29] [30] [31] .
In this study, tin was used as a novel co-catalyst, and a nanofibrous morphology was investigated to improve the electrocatalytic activity of nickel for urea oxidation. Typically, NiSn-incorporated carbon nanofibers were synthesized by calcination of electrospun nanofiber mats composed of nickel acetate tetrahydrate, tin chloride and poly(vinyl alcohol) under vacuum. Electrochemical measurements indicated that tin can strongly enhance the electrocatalytic activity of nickel; however, the co-catalyst content as well as the reaction temperature should be optimized. Interestingly, at 10 wt% and a high reaction temperature, the proposed electrode can be utilized as an anode in the DUFC.
Material and methods

Catalyst preparation
All the used chemicals were analytical grade and used without prior treatment. A 10 wt% aqueous solution of poly(vinyl alcohol) (PVA, Alfa Aesar, Seoul, South Korea) was prepared by adding polymer granules gradually to deionized (DI) water and stirring at 50°C overnight. Then, nickel (II) acetate tetrahydrate (25 wt%; NiAc, Ni (CH 3 COO) 2 Á4H 2 O Sigma Aldrich, Seoul, South Korea) and tin chloride (SnCl 2 , Sigma Alrich, Seoul, South Korea) aqueous solutions were prepared. To make the electrospinning solution, a NiAc/PVA stock solution was first prepared by mixing PVA and NiAc solutions with a weight ratio of 3:1. The nickel acetate content in the final solution was maintained at $5 wt%. Later, several SnCl 2 -containing electrospinning solutions were prepared by adding the co-catalyst aqueous solution to 20 g of the NiAc/PVA solution. Electrospinning solutions containing 5, 10, 15, 25, and 35 wt% of SnCl 2 with respect to NiAc were prepared. The final solutions were stirred at 50°C for 5 h. Preparation of the nanofibers was performed using a simple electrospinning device. The solution was placed in an inclined syringe to induce natural feeding. The process was carried out at a 20 kV DC potential with a 15 cm distance from the tip to the collector drum. Then, the nanofiber mats were dried under vacuum at 70°C for 24 h. Finally, the mats were calcined at a heating rate of 2.5 deg/min under vacuum at different temperatures (700, 850, and 1000°C) with a holding time of 3 h.
Characterization
The crystal structure of the prepared nanofibers was studied by X-ray diffraction analysis (XRD, Rigaku, Tokyo, Japan) with Cu Ka (k = 1.540 Å) radiation over Bragg angles ranging from 20 to 80°. The nanofibrous morphology of the prepared electrocatalysts was checked by a scanning electron microscope (SEM, JEOL JSM-5900, Tokyo, Japan). The internal structure was investigated by studying the normal and high-resolution images that were obtained from a transmission electron microscope (JEOL JEM-2010, Tokyo, Japan). A VersaStat4 instrument (Princeton Applied Research, AMETEK scientific instruments, New York, USA) was used to measure the electrochemical characteristics. A simple 3-electrode cell with glassy carbon, Ag/AgCl and Pt electrodes as the working, reference and counter electrodes, respectively, was utilized as the reactor. The working electrode was prepared by deposition of the functional material on the active surface of a 3-mm glassy carbon electrode. Briefly, a suspension composed of 2 mg of the functional material, 20 mL of a Nafion solution (5 wt% in isopropanol) and 400 mL of isopropanol was sonicated for 0.5 h until a good dispersion was obtained. Then, a micropipette was used to deposit 5 mL of the suspension over the working electrode active area after cleaning and polishing the area. After natural drying, two additional drops were deposited by the same strategy. To study the kinetics of the electrooxidation reaction, electrochemical measurements were performed at different temperatures (12, 25, 35, 45 and 55°C) by surrounding the cell with thermostated water. Electrochemical impedance sepectroscopy (EIS) measurments were carried out using VersaStat 4 instruemt (Princeton Applied Research, AMETEK scientific instruments, New York, USA) at the following coditions: Potential 0.6 V (vs. Ag/AgCl), start frequency 100,000 Hz, end frequency 0.01 Hz, amplitude 10 mV and points per decade 10.
Results and discussion
Electrocatalyst characterization
Catalyst morphology
Synthesis of inorganic nanofibers by the electrospinning process requires metallic precursors having a high polycondensation tendency to maintain a good nanofibrous morphology after the calcination process. In other words, with the proper polymer and optimization, the electrospinning parameters (e.g., applied voltage, tip-to-collector density, solution viscosity, relative humidity, etc.) guarantee the produced electrospun nanofibers have a good morphology. However, during the calcination process, the characteristics of the metallic precursor affect the final morphology. In this regard, metal alkoxides show the best performance as precursors for inorganic nanofiber synthesis by electrospinning [32] . Additionally, metal acetates could also be exploited as effective precursors due to their discovered polycondensation characteristic [33, 34] . Fig. 1 shows the morphology of the nanofibers obtained after calcination at 700°C with different tin chloride contents. Overall, the nanofibrous morphology was relatively constant for all formulations; however, the co-catalyst precursor content does have a strong impact on the morphology. As shown, nanoparticles formed along with the nanofibers with a corresponding density that depends on the content of SnCl 2 in the initial electrospun solution. Typically, with a low SnCl 2 content (up to 15 wt%; Fig. 1A -C), rare and well-distributed nanoparticles can be observed. However, when the co-catalyst content increased to 25 and 35 wt% ( Fig. 1D and E, respectively), the number of nanoparticles dramatically increased. The largest nanoparticle size was obtained at the highest co-catalyst precursor content.
Increasing the calcination temperature to 850°C did not change the morphology of the produced nanofibers, as displayed in Fig. 2 . Typically, excluding 5 wt%, a low co-catalyst content maintained the nanofibrous morphology, as shown in Fig. 2B and C. However, with a high concentration of SnCl 2 in the electrospun solution, the nanoparticles that formed were small compared to those observed at 700°C. Additionally, increasing the calcination temperature leads to nanoparticles attaching to nanofibers. Notably, further increasing the calcination temperature to 1000°C has a similar impact on the nanofibrous morphology. Briefly, with a cocatalyst content up to 15 wt%, almost no nanoparticles formed, while with high contents of co-catalyst in the electrospun solution, nanoparticles were observed; data are not shown. Fig. 3 shows a comparison of the morphologies of the nanofibers produced from an initial solution containing 10 wt% SnCl 2 and calcined at 700, 850, and 1000°C.
Internal structure
The internal structure of the prepared nanofibers was investigated by transmission electron microscopy (TEM, Fig. 4 ). As shown in Fig. 4A , the prepared nanofibers are composed of crystalline nanoparticle-incorporated amorphous nanofibers. Fig. 4B and C display the Ni and Sn distributions along a selected line (the inset in Fig. 4A ). The obtained data show that these two metals have similar distributions, which indicates the formation of alloy structures between the two metals. Moreover, these results indicate that the final product structure includes amorphous nanofibers surrounding crystalline nanoparticles composed mainly of nickel and tin.
Catalyst composition
X-ray diffraction analysis (XRD) is a reliable technique to investigate the composition of crystalline materials. (Fig. 4) . At 2h $ 25°, a wide peak was observed for all formulations, which corresponds to an experimental d spacing of 3.37 Å. The presence of this peak proves the formation of graphite-like carbon (d (0 0 2), JCPDS; 41-1487), and the peak can be assigned to the nanofiber matrix observed in the TEM results. Notably, a change in the calcination temperature did not strongly affect the produced nanofiber composition (data not shown). Overall, based on the results from the utilized characterization techniques, the prepared nanofibers are composed of NiSn alloy nanoparticle-incorporated amorphous graphite nanofibers. It is noteworthy mentioning that, formation of the bimetallic alloy with nickel can be considered the main reason behind imprisoning tin metal, which has low melting point (231°C), in the final nanofiber product even at the utilized high calcination temperatures.
Electrochemical measurements
Influence of Sn addition
To properly investigate the efficacy of the selected co-catalyst in enhancing the electrocatalytic activity of nickel, Ni-incorporated nanofibers were prepared from a SnCl 2 -free electrospun solution by the same procedure. Fig. 6A displays the electrocatalytic activity of Sn-free and 15 wt% Sn nanofibers (calcined at 700°C) towards urea oxidation. The measurements were carried out using a 1.0 M urea solution (in 1.0 M KOH) at a scan rate of 0.05 V/s and reaction temperature of 30°C. As shown, the addition of tin strongly enhances the electrocatalytic activity in terms of current density, and the maximum current density was increased almost 9-fold. The maximum current densities of the pristine and Sncontaining nanofibers are 9 and 77 mA/cm 2 , respectively. Furthermore, increasing the calcination temperature to 850°C improves the activities of both formulations, as shown in Fig. 6B . Moreover, the urea electrooxidation peak clearly appears for both samples. However, the upward slope of the curves indicates that the calcination temperature has a stronger impact on the pristine nickelincorporated carbon nanofibers than the Sn-containing ones. In detail, the current density increases from 9 to 17 mA/cm 2 ($90% increase) and from 77 to 81 mA/cm 2 ($5% increase) for the pristine and alloy nanoparticle-incorporated nanofibers, respectively. Although the obtained results are interesting due to the potent increase in the electrocatalytic activity of nickel in terms of the amount of urea oxidized on the surface of the proposed catalyst, this finding is limited to urea electrolysis cells. According to these data, inserting Sn as a co-catalyst with nickel could successfully accelerate the oxidation reaction but does not change the required activation energy. As shown in the figure, almost no improvement in the onset potential was achieved at this co-catalyst content; both samples are not useable as anodes in DUFCs. Panel C demonstrates the CV measurements for the pristine nickel and NiSn (15 wt%) nanoparticles-incorporated carbon nanofibers calcined at 850°C in presence of urea-free 1.0 KOH solution. The results confirm the electrocatalytic activity of the proposed nanofibers toward urea electrooxidation. As shown, absence of urea results in a dramatic decrease in the observed current density compared to urea-containing solutions ( Fig. 6A and B) . It is noteworthy mentioning that the nanofibers prepared at other calcination temperatures (i.e. 700 and 1000°C) showed almost similar results.
Influence of Sn content
The synergetic effect of tin in the proposed NiSn-incorporated carbon nanofibers was studied by investigating the electrocatalytic activity of the nanofibers with different Sn contents. As shown in Fig. 7A , changing the Sn content in the proposed electrocatalyst has a strong impact on the electrocatalytic activity. Fig. 7B displays the relationship between the SnCl 2 content in the electrospun solution and the maximum current density of the oxidation peak. For the investigated contents, a Gaussian shape was obtained with a peak at 15 wt%. Gaussian curve was selected as the best model to fit the data points by the utilized software (Origin 8.1). In addition to optimizing the tin content to maximize the current density, Fig. 7A shows that the onset potential can also be improved by this effective co-catalyst. The onset potential decreased to 195 mV (vs. Ag/AgCl) for the nanofibers containing 10 wt%, and all other formulations had an onset potential of $415 mV. The last finding is very important as the proposed nanofibers can be exploited as an anode material in DUFCs.
From a kinetic point of view, most electrochemical reactions are non-elementary. In other words, the reactions proceed in multiple steps with one (or more) rate controlling step(s). Compared to methanol and ethanol oxidation reactions, whose kinetics have been intensively studied [35, 36] , to the best of our knowledge, the kinetics of urea oxidation have not been studied to determine the reaction mechanism and rate controlling step(s). However, the urea oxidation process is believed to be a non-elementary reaction, especially because urea has a higher molecular weight than methanol [37] .
In heterogeneous catalytic reactions, an effective catalyst can directly enhance the reaction rate by decreasing the activation energy. Moreover, a heterogeneous catalyst can indirectly accelerate a reaction by improving the reaction mechanism, e.g., decreasing the number of reaction steps, minimizing the number of rate controlling steps, etc. Based on the aforementioned hypotheses, the Sn-containing nanofibers, excluding the 10 wt% sample, could indirectly enhance the urea oxidation reaction. In detail, the compositions of the NiSn nanoparticles created from these formulations may not decrease the required activation energy, but they might improve the oxidation pathway to overcome a very slow step(s) occurring on the surface of pristine nickel and/or accelerate the adsorption of urea (or intermediates), which consequently improve the overall process. In this regard, the nanofibers prepared from an electrospinning solution with 15 wt% SnCl 2 had the optimum composition.
On the other hand, the 10 wt% sample, which is composed of a single NiSn alloy, could directly improve the oxidation process by decreasing the activation energy, as reflected by the large decrease in the onset potential. Fig. 8 displays the influence of the reaction temperature on the electrocatalytic activity of the 10 wt% nanofibers. As shown in the figure, the reaction temperature had a very strong impact on the generated current density, which indicated the oxidation of urea molecules over the surface of these nanofibers is rapid. The maximum current density reached $175 mA/cm 2 at high temperatures (above 35°C). Furthermore, as shown in the associated inset, the onset potential of the reaction is inversely related to the temperature. Based on this result, the proposed nanofibers can be exploited as anode materials in DUFCs at cell temperatures above 50°C. Numerically, the onset potential decreased from 353 mV at 12°C to 175 mV (vs. Ag/AgCl) at 55°C. The results obtained in Fig. 8 provide evidence that the urea oxidation process is a non-elementary reaction. If the reaction is elementary, the data should satisfy the Arrhenius equation. In other words, an increase in the temperature should enhance the current density (i.e., increase the rate of reaction). However, as shown in the figure, almost no observable change in the reaction rate could be detected at high temperatures. Additionally, for a single-step elementary reaction, the activation energy is not a variable in the Arrhenius equation; the variables are the reaction constant and temperature [38] . Therefore, if urea oxidation is an elementary reaction, the onset potential has to be independent of the temperature. Overall, the obtained results indicate that this DUFCapplicable sample can enhance the activation energy of the rate controlling steps in the multistep urea reaction.
Influence of urea concentration
Due to mass transfer limitations, the urea concentration has to be optimized. From a kinetic point of view, the reactant concentration has a distinct influence on the rate of the reaction until the catalyst surface is completely covered. After the catalyst surface is covered, increasing the concentration does not impact the performance and reaction rate. Therefore, many heterogeneous catalytic reactions are considered zero-order reactions. Fig. 9 displays the influence of the urea concentration on the observed current density with the nanofibers that provided the maximum current density. As shown in Fig. 9A , for the nanofibers prepared from calcination of electrospun mats containing 15 wt% SnCl 2 at 700°C, the maximum current density is associated with urea concentrations of 0.33 and 1.0 M. Above those concentrations, further increasing the concentration results in a slight decrease in the reaction rate. These results indicate urea oxidation is a zero-order reaction and simultaneously validate the aforementioned hypothesis.
Increasing the calcination temperature to 850°C leads to a distinct improvement in the crystallinity of the nanofibers, which was reflected by the distinguished performance compared to that of the electrocatalyst prepared at 700°C, as shown in Fig. 9B . Briefly, the urea oxidation process became a concentration-dependent reaction. As shown in the figure, the generated current substantially changes with a change in the concentration of the urea solution. The maximum current density was 17.8, 73.6, and 88.4 mA/cm 2 for urea concentrations of 0.33, 1.0 and 2.0 M, respectively. For 3.0 M urea, the current density decreased to 73.5 mA/cm 2 . These results indicate that for nanofibers prepared at a low calcination temperature, the urea oxidation process is not controlled by mass transfer. Thus, the activity is relatively low, and the surface can be covered by the reactant and/or intermediate molecules at a low concentration. However, due to the higher activity created upon increasing the calcination temperature to 850°C, the oxidation rate improves. Therefore, increasing the concentration enhances the generated current density up to a certain concentration (2.0 M). Above this concentration, the active surface will be covered by urea molecules. 
Influence of calcination temperature
As shown in the previous results, the nanofibers prepared at 850°C exhibited a better performance than those synthesized at 700°C. Therefore, to properly optimize the calcination temperature, electrochemical measurements were performed using nanofibers with a similar tin content (10 wt%) that were sintered at different temperatures: 700, 850, and 1000°C. As shown in Fig. 10 , the nanofibers prepared at 850°C have the best performance at all urea concentrations.
Based on the XRD results, the change in the composition with a change in the calcination temperature is trivial. Therefore, to understand how the calcination temperature affects the electrocatalytic activity, thermal gravimetric analysis was carried out (Fig. 11 ). As shown in Fig. 11A , there is a low-weight decrease that matches a small peak at $95°C in the first derivative plot for the obtained data (Fig. 11B) . This weight loss can be attributed to the evaporation of physical moisture. Later, a sharp decrease in weight, which is shown as a high-intensity peak in Fig. 11B , can be Fig. 9 . Influence of the urea concentration on the electrocatalytic activity of NiSn-incorporated carbon nanofibers prepared from an electrospinning solution with 15 wt% SnCl 2 and calcined at 700°C (A) and 850°C (B) at 30°C with a scan rate 50 mV/s. Fig. 10 . Effect of the calcination temperature on the electrocatalytic activity of the proposed NiSn-incorporated carbon nanofibers prepared from a solution containing 10 wt% SnCl 2 at different urea concentrations with a reaction temperature of 12°C and scan rate of 50 mV/s.
observed. This weight-loss peak can be assigned to the decomposition of the utilized polymer. The remaining peaks represent the decomposition of nickel acetate to form pristine nickel according the following equations [14, 39, 40] . 
NiO + CO ! Ni + CO 2 ð11Þ
Complete reduction of tin chloride was achieved due to the formation of strong reducing gases (CO and H 2 ) from the decomposition of acetate ions.
Importantly, the absence of any peak in Fig. 11B above $650°C can be explained as a small gradual weight loss that was not due to a chemical reaction. This small weight decrease (above 650°C) can also be observed in Fig. 11A . The XRD results (Fig. 4 ) indicated that this sample was composed of a single metallic compound (Ni 3 Sn 2 ) and graphite. Considering the high melting point of the metallic nanoparticles, the observed weight loss can be assigned to the carbonaceous counterpart, indicating that the graphite layer gradually decreased with increasing temperature. As explained in the introduction section, the carbon support plays an important role in electrooxidation processes because of its adsorption capacity. Accordingly, the very low observed performance of the nanofibers prepared at 1000°C is due to the low graphite content of the proposed electrocatalyst.
Catalyst stability
The stability of the transition metal-based electrocatalysts is usually uncertain. Fig. 12 displays the chronoamperometry analysis of the nanofibers with the lowest onset potential at 12°C. The measurement was carried out by applying multistep potential. Typically, the applied potential was increased 0.1 V every 500 s within the potential window from 0.3 to 1.0 V (vs. Ag/AgCl). As shown in Fig. 12 , especially at low applied potentials (<0.8 V), a very good stability was observed. These results indicate additional advantages for exploiting tin as a co-catalyst to enhance the electrocatalytic activity of nickel materials for urea oxidation. 
Electrochemical impedance sepectroscopy (EIS)
EIS is a useful method for studying the interfacial properties of the electro catalyst [41] . The impedance is the summation of real, Z re , and imaginary, Z im , components contributed by the resistance and capacitance of the cell [42] . In this study EIS was employed to investigate electrocatalytic activity of the proposed electrode. EIS measurements at different urea solution concentrations were performed at 0.6 V (vs. Ag/AgCl). Nyquist plots for the utilized samples are displayed in Fig. 13 . In the Nyquist plot, the Faradaic reaction (urea oxidation) is usually displayed by capacitive loop with a diameter almost matching the charge transfer resistance (R CT ). As shown in the figure, the urea-free solution did not show a Faradaic reaction. On the other hand, as shown in this figure, the capacitive loops appear with increasing the urea concentration which clearly indicates the electrocatalytic activity of the proposed electrode. However, the smallest charge transfer resistance is corresponding to 2.0 urea solution. It is noteworthy mentioning that low charge transfer resistance demonstrates fast electron-transfer rate on the electrocatalyst [43] .
Conclusions
NiSn bimetallic alloy nanoparticle-incorporated carbon nanofibers can be obtained from calcination of electrospun mats composed of nickel acetate, tin chloride and poly(vinyl alcohol) under vacuum. The addition of a tin precursor to the electrospinning solution results in the formation of nanoparticles along with the prepared NiSn/carbon nanofiber composite, especially at high contents (more than 15 wt%). The calcination temperature has almost no impact on the bimetallic nanoparticle composition; however, increasing the calcination temperature leads to a decrease in the graphite content, which negatively affects the electrocatalytic activity of the catalyst for urea oxidation. The proposed electrocatalyst can be utilized effectively in urea electrolysis cells when the co-catalyst content and calcination temperature are 15 wt% and 850°C, respectively. However, to be exploited in DUFCs, the cocatalyst content in the initial electrospun solution must be 10 wt%. The proposed catalyst shows very good stability, especially at low applied potentials.
